Abstract Uncertainties associated with short lived (halflives less than 1 day) fission product yields listed in databases such as the National Nuclear Data Center's ENDF/B-VII are large enough for certain isotopes to provide an opportunity for new precision measurements to offer significant uncertainty reductions. A series of experiments has begun where small samples of 235 U are irradiated with a pulsed, fission neutron spectrum at the Nevada National Security Site and placed between two broad-energy germanium detectors. The amount of various isotopes present immediately following the irradiation can be determined given the total counts and the calibrated properties of the detector system. The uncertainty on the fission yields for multiple isotopes has been reduced by nearly an order of magnitude.
Introduction
The uncertainties associated with short lived (half-lives less than 1 day) fission product yields listed in databases such as the National Nuclear Data Center's ENDF/B-VII [1] or the Nuclear Energy Agency's JEFF [2] are large enough for certain isotopes to provide an opportunity for new precision measurements to offer significant uncertainty reductions. Fission product yields are fundamental, physical measurements that are also important for a variety of applications. Examples include heat production in nuclear energy generation, nuclear waste product inventories, and radiopharmacology. Previous measurement campaigns have returned a variety of precision fission product yield data [3] [4] [5] [6] . These have typically focused on isotopes with half-lives greater than 1 day due to the techniques being employed. Some previous measurement efforts for short-lived isotopes (half-lives of minutes to days) have been reported on as well using reactor thermal neutron spectra [7] and boron-carbide-hardened spectra [8] . The focus of this work is a an experiment in collaboration with Lawrence Livermore National Laboratory (LLNL) where small samples of 235 U are irradiated with a pulsed, fission neutron spectrum from the Godiva critical assembly [9] at the Nevada National Security Site. The c-rays emitted by the samples are measured over times spanning 1 h postirradiation to 1 week. Details about the experiment and some preliminary results will be presented in this paper. All listed uncertainties are standard, k = 1 or 1-sigma uncertainties.
Experimental Detection system description
The short-lived fission yield detector setup consists of two broad-energy germanium (BEGe) detectors each with approximately 65 % relative efficiency. The detectors are located in a small, open-ended lead-lined box to reduce room background and with a copper inner lining to reduce low energy X-rays from the lead. The detectors and electronics acquire data both from single events and coincidence events. Each detector is connected to its own Lynx digital signal analyzer (DSA). The Lynx provides high voltage for each detector and DC power to the detector's preamp. The Lynx inputs are an energy signal and HV inhibit signal from its associated detector. The Lynx modules are connected together via their sync input/output connector. This provides a 1 ls synchronization pulse from one Lynx to the other that allows events from one detector to be correlated for forming coincidence events with the other detector. The two Lynx modules are connected to a data acquisition desktop computer via a local area network (LAN) using a network switch. The data acquisition computer is used to control the Lynx modules and store data. Both germanium detectors require liquid nitrogen (LN2) cooling.
The Lynx DSAs are used to process the electrical signals output by the BEGe detectors. The detector signal pulses are converted into information on the energy deposited into the detector by c-ray radiation. They also process the signal for noise, perform pile-up rejection, track the measurement's real and live time, and assign synchronized time stamps to events when operated in list mode.
Detector characterization
A NIST-traceable mixed c-ray standard from Eckert and Ziegler was used to determine the energy calibration and efficiency of the two germanium detectors in the experiment geometry. The standard contained well-known amounts of isotopes including 210 Co spanning a range of c-ray energies from 46 to 1836 keV. The standard was deposited on filter paper and placed in a quartz tube identical to the one used in the irradiation of the sample. The standard was then placed in the target holder in the same position as the sample and counted for approximately 1 h. The counts in the full energy peaks were then extracted and used to determine the efficiency for both detectors in the final counting configuration with each detector 8.8 cm from the sample. These curves are shown in Fig. 1 .
Additional testing of the live time of the detectors was performed by using a fixed source and changing the location of a second source to vary the rate measured by the detectors. For the data acquisition settings used for these runs, the Lynx live time correction appeared to return the proper live time within 1 % up to rates of approximately 20 kHz which corresponded to a live time of 80 %. The goal during the data collections then was to keep the live time above 80 % so that the live time correction was accurate.
Irradiation
Small samples of enriched (99.44 ± 0.03 % wt) 235 U samples in oxide form were sealed in quartz ampules to contain fission product gasses after irradiation. The samples were placed in the Godiva critical assembly along with neutron flux monitor foils. The assembly was operated in burst mode to minimize the effects of isotope grow-in and decay during irradiation. Two 235 U masses were used anticipating a high level of activity at early times. The masses of the two samples were determined prior to the experiment through long c-ray counts and subsequent analysis. The smaller sample was measured to be 8.6 ± 0.65 mg and the larger sample was 63 ± 7.2 mg. It should be noted that the uncertainties in these target masses do not have any impact on the fission yields that are determined by this method since the fission yields are determined from the ratio of atoms of fission product divided by the total fissions. To reduce the effects of dead time on the detectors, the smaller sample was counted for the first 4 h and then switched out for the larger sample.
Neutron flux measurement
Neutron flux monitors were irradiated adjacent to the 235 U samples during the Godiva irradiation experiment. The flux monitors were small wires of highly pure ([ 99 %) Fe, Ti, Au, and Co. The purities for each wire had been previously established through both vendor and outside laboratory analysis. Following irradiation, the wires were shipped back to PNNL where they were separated and counted on HPGe detectors calibrated with NIST-traceable standards. The measured activities were decay corrected to the time of the Godiva pulse and listed as Bq per milligram of the natural element. Nuclear decay data were adopted from the NUDAT2.6 database at the National Nuclear Data Center at Brookhaven National Laboratory. 1 The measured activities were converted to activation rates taking into account corrections for gamma and neutron self-absorption in the wires as well as the isotopic abundances. Neutron self-absorption corrections are applied to the neutron activation cross sections, which were adopted from the international reactor dosimetry file 2002 (IRDF2002) from the nuclear data section of the International Atomic Energy Agency. 2 The Godiva neutron energy spectrum was calculated using the MCNP computer code [10] using information regarding the Godiva critical assembly. Due to the significant disagreement between the measured and calculated reaction rates, the STAYSL PNNL computer code [11] was used to perform a neutron spectral adjustment, as shown in Fig. 2 . STAYSL PNNL uses a matrix-based least squares technique taking into account all of the uncertainties and covariances in the measured reaction rates, neutron activation cross sections, and calculated neutron spectrum, to find the best fit to the neutron spectrum. As can be seen in Fig. 2 , the principal adjustment of the neutron spectrum is nearly a renormalization that increases the calculated neutron flux by about 15 % below 1 MeV. Above 1 MeV, the percent difference decreases sharply and is even negative for part of the range. This normalization is most likely due to inconsistencies between the model and the exact timing and power level of the Godiva pulse. Using the adjusted neutron spectrum and the 235 U fission spectrum in IRDF2002, the calculated fission rate is 8.38E ? 8 fissions per milligram. This value is very close to the fission rate determined from the average of the top measured fission products using ENDF/B-VII fission yields.
Results and discussion

Peak fission product yields analysis
An analysis complementary to the neutron flux foil analysis was performed to determine the fission product yields for isotopes near the peaks or maxima of the yield curve. These fission products are generated have the highest yield and are an indicator of the total number of fissions. An analysis of these peak fission product yields provides a test of the overall analysis procedure and helps to build confidence in the neutron flux determination. The list mode data were parsed into spectra with different integration times (e.g. 5, 30, and 60 min), and then live time corrected using the correction factor as determined by the Lynx system. The resulting spectra were then analyzed using Canberra Genie2000 analysis software with an isotope nuclear data library that includes short-lived isotopes. The counts in the full energy peaks at the various times were combined with the measured detector efficiency and an empirical fit to the c-ray self-absorption to estimate the fissions/gram. The self-absorption factor was particularly large for the larger sample at low energies. Good agreement was achieved amongst the methods and the two different sample sizes as shown in Table 1 .
The target masses listed in Table 1 are in good agreement with the masses determined by weighing the samples at the time of fabrication. Since the degree of oxidization of each sample is not precisely known, the gamma analyses provide the best estimate of the masses of each target. It should be noted that uncertainties in these target masses do not have any impact on the fission yields that are determined by this method since the fission yields are determine from the ratio of atoms of fission product divided by the total fissions, as listed in Table 1 .
Preliminary cumulative yield results
The same techniques that gave consistent results for the peak fission product yield analysis were applied to isotopes that have short half-lives and large uncertainties in ENDF/ B-VII. The current analysis has focused on the shortest time data from the smaller (8.6 mg) target, which was used for the first 4 h of the measurement. There are indications of improved cumulative fission product yield data for several short-lived isotopes including: 84 Preliminary cumulative fission product yield results are shown in Table 3 for  93 Y,  128 Sn,  89 Rb, and  131 Sb. The Stat ? Data uncertainties contain the statistical counting uncertainty, detector efficiency fit interpolation uncertainty, and the database uncertainties for the c-ray branching ratios and isotope half-lives. The total uncertainties include the uncertainty in the absolute number of fissions for each target (estimated at 5 % from the analysis of the neutron flux wires) and the additional uncertainty from the gamma self-absorption in each target, which is dependent on the c-ray energies for that isotope. This gamma self-absorption correction factor ranges from 1.008 for 89 Rb to 1.132 for 93 Y (the 93 Y analysis used data from the larger sample). The uncertainty in that correction is conservatively estimated at 30 %. All of the uncertainties are summarized in Table 2 . Both sources of uncertainty are still under study and are expected to be refined as more analysis is performed.
In the case of all four isotopes presented, the uncertainties in the measured fission yields have been reduced compared with the ENDF/B-VII results. While the uncertainty for 131 Sb was only reduced by 0.2 %, the uncertainties for 89 Rb, 128 Sn, and 93 Y were reduced by a factors of 2, 9, and 6.7 respectively. Also present in the spectra are c rays associated with 135 Xe. This indicates that the sample is well sealed but a quantitative analysis requires further investigation due to grow-in effects and the presence of two isomeric states.
Conclusions
Preliminary analysis of c-ray data collected using a 235 U sample and the Godiva critical assembly has been completed. The uncertainties for the cumulative fission product yields have been reduced for 89 Rb, 128 Sn, and 93 Y. The analysis is continuing and similar improvements are expected for additional isotopes. As part of the experimental effort, appropriate tests of the detector system were performed such as the efficiency, energy calibration, and data acquisition timing. In addition, the neutron flux was determined in two different ways and the results are consistent building confidence in the analysis for the isotopes with larger database uncertainties. An independent analysis of the data is being performed by collaborators at LLNL. A quantitative comparison of the results of the two analyses is planned in the near future to act as a good quality control and assurance measure.
